




















Experimental Realization of Deutsch’s Algorithm in a One-way Quantum Computer
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We report the first experimental demonstration of an all-optical one-way implementation of
Deutsch’s quantum algorithm on a four-qubit cluster state. All the possible configurations of a
balanced or constant function acting on a two-qubit register are realized within the measurement-
based model for quantum computation. The experimental results are in excellent agreement with
the theoretical model, therefore demonstrating the successful performance of the algorithm.
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The steadily increasing interest in topics of quantum
information processing (QIP) and quantum computation
has stimulated considerable efforts in the realization of
quantum hardware based on various kinds of experimen-
tal settings. These efforts have resulted in the realization
of promising one and two-qubit logical gates [1], even
though the networking of these basic building blocks is
still far from being practical. Nevertheless, investiga-
tions in this direction, both at the experimental and the-
oretical level are vital for the advancement of QIP. The
ultimate aim is the realization of multi-qubit quantum
algorithms with the ability to outperform their classical
analogues [1, 2]. In this context, the implementation of
few-qubit quantum algorithms represents a step forward
toward the construction of working processors based on
quantum technology [3, 4].
Very recently, a radical change of perspective in the
design of quantum computational protocols has been
proposed and formalized in the so-called “one-way”
model [5]. Here, computation is not performed by in-
ducing a sequence of logical gates involving the elements
of a quantum register, as in the standard quantum circuit
model [1]. In the one-way case, a multipartite quantum
correlated state, the cluster state, is used as a resource
for running a “program” represented by a sequence of
particular single-qubit measurements, performed in or-
der to simulate a given computational task [5]. This new
paradigm for quantum computation, which limits the
amount of control one needs over a register to the abil-
ity of performing single-qubit measurements, has raised
an enormous interest in the physical community. It has
triggered investigations directed toward a better under-
standing and simplification of the model [6] and also its
practical applications [7, 8]. The efforts produced so far
have culminated in the experimental demonstration of
the basic features of the one-way model, the realization
of a two-qubit quantum search algorithm [7] and the the-
oretical proposal for a measurement-based realization of
a quantum game [9]. The relevance of the one-way ap-
proach to QIP is not merely practical, it is also helping
us to understand the paramount role of measurements in
the quantum dynamics of a system.
In this paper, we report the first experimental demon-
stration of a one-way based implementation of Deutsch’s
algorithm [3]. It represents a simple but yet interesting
instance of the role that the inherent parallelism of quan-
tum computation plays in the speed-up characterizing
quantum versions of classical problems. We have used an
all-optical setup, where the construction of cluster states
has been successfully demonstrated [7, 8]. Negligible de-
coherence rates affecting qubits embodied by photonic
degrees of freedom ensure the performance of the proto-
col in a virtually noise-free setting. Although Deutsch’s
algorithm has been implemented in a linear optical setup
before [10], our protocol represents its first realization in
the context of one-way quantum computation. It is based
on the use of an entangled resource locally equivalent to
the cluster state used previously for performing a two-
qubit search algorithm [7], thereby reinforcing the idea
of the high flexibility of cluster resources. We show that
four qubits in a linear cluster configuration are sufficient
to realize all the possible configurations of a function act-
ing on a logical two-qubit register. Two of the possible
configurations are the result of an application of an en-
tangling gate to the elements of the register. In princi-
ple, this gate can be realized by inducing an interaction
between the photonic qubits. In our cluster state-based
approach, the required entangling operations are realized
by using the entanglement present in the cluster resource
and the nonlinearity induced by the detection. There is
no necessity for engineering it in a case by case basis [10],
which is a very important advantage. The reconstruction
of the density matrix of the logical output qubits is in ex-
cellent agreement with the theoretical predictions.
Model.- The generalized version of Deutsch’s algo-
rithm, also known as the Deutsch-Josza algorithm [11],
takes an N -bit binary input x and allows one to distin-
guish two different types of function f(x) implemented
by an oracle. A function is constant if it returns the
same value (either 0 or 1) for all possible inputs of x
2FIG. 1: Network diagrams for each black box operation in
Deutsch’s algorithm. We have BB(i)=1 ⊗ 1 , BB(ii)=1 ⊗
σx, BB(iii)=CNOT and BB(iv)=(1 ⊗σx)CNOT, where CNOT
denotes a Controlled-NOT gate.
and balanced if it returns 0 for half of the inputs and
1 for the other half. Classically one would need to
query such an oracle as many as 2N−1 +1 times in some
cases. However the quantum version of this algorithm
requires only one query in all cases [11]. In the two
qubit version [3], the algorithm implements the oracle
as a function f on a single query bit x using an input
ancilla bit y. The applied unitary operation is given
by |x〉 |y〉 → |x〉 |y ⊕ f(x)〉. Preparing the input state
as |+〉 |−〉, where |±〉 = (|0〉 ± |1〉)/√2 and {|0〉 , |1〉} is
the single qubit computational basis, the oracle maps the
state to (1/
√
2)[(−1)f(0) |0〉+ (−1)f(1) |1〉] |−〉. By mea-
suring the query qubit in the {|±〉} basis, one can de-
termine which type of function f(x) corresponds to. For
a balanced (constant) function, |−〉 (|+〉) is always ob-
tained for the query qubit. Therefore only one query of
the oracle is necessary, compared to two in the classical
version.
The action of the oracle in Deutsch’s algorithm is ei-
ther preset or dictated by the outcome of another algo-
rithm. In order to implement all possible configurations
that the oracle might take in the two qubit version, we
must be able to construct them using a combination of
quantum gates. In Fig. 1 we show all possible oracles
in terms of their quantum network. By describing the
oracle simply as a “black box”, it is easy to see that all
four black boxes given in Fig. 1 by BB(i)-(iv) implement
their respective oracle operation. In order to carry out
Deutsch’s algorithm using these quantum gates, we make
use of an entangled qubit cluster state resource and carry
out one-way quantum computation on it. This allows the
implementation of the algorithm by performing a correct
program of measurements. No adjustment to the exper-
imental set-up is necessary.
Given a cluster state, there are two types of single
qubit measurements that allow a one-way quantum com-
puter to operate. First, by measuring a qubit j in
the computational basis {|0〉j , |1〉j} it can be disentan-
gled and removed from the cluster, leaving a smaller
cluster state of the remaining qubits. Second, in or-
der to perform actual QIP, qubits must be measured
in the basis Bj(α) = {|α+〉j , |α−〉j}, where |α±〉j =
(|0〉 ± eiα |1〉)j/
√
2 (α ∈ R). Choosing the measure-
ment basis determines the single-qubit rotation Rz(α) =
exp(−iασz/2), followed by a Hadamard operation H =
(σx+σz)/
√
2 being simulated on an encoded logical qubit
in the cluster residing on qubit j (σx, σy, σz are the Pauli
matrices). With a sufficiently large cluster state, any
quantum logic operation can be carried out with an ap-
propriate choice for the Bj(α). We define the value sj
to be 0 (1) if the measurement outcome is |α+〉j (|α−〉j)
on qubit j. Whenever sj = 0 the computation proceeds
as intended, however when sj = 1 a Pauli error of σx is
applied in addition to the HRz(α) rotation. This error
can easily be removed by a feed-forward technique, where
the value of sj determines the measurement settings for
future measurements on the cluster.
Experimental implementation.- For the entangled re-
source, in an ideal case, the following four-photon state
is produced by means of the experimental set-up shown
in Fig. 2 (a)
|Φc〉 = 1
2
(|0000〉+ |0011〉+ |1100〉 − |1111〉)1234 (1)
with |0〉j (|1〉j) embodied by the horizontal (vertical) po-
larization state of one photon populating a spatial mode
j = 1, .., 4. The preparation of the resource relies on
postselection: a four-photon coincidence event at the de-
tectors facing each spatial mode witnesses the prepara-
tion of the state. This state is locally equivalent to a
four-qubit linear cluster state (the required local oper-
ation being H1 ⊗ 1 2 ⊗ 1 3 ⊗ H4). The experimentally
produced state ̺ is verified by means of a maximum-
likelihood technique for tomographic reconstruction [12]
performed over a set of 1296 local measurements, each ac-
quired within a time-window of 500 ns. We have used all
the possible combinations of the elements of the mutually
unbiased single-qubit basis {|0〉 , |1〉 , |+〉 , |−〉 , |R〉 , |L〉}j
with |±〉j embodied by the polarization state at ±45◦
and |L/R〉j = (|0〉 ± i |1〉)j/
√
2 corresponding to left and
right-circularly polarized photons. The dimension of our
measurement set is due to the requirements of the algo-
rithm being performed, as explained later. The recon-
structed density matrix of the experimental state ̺ has a
fidelity with the ideal state in Eq. (1) of F = 〈Φc|̺|Φc〉 =
0.62±0.01, which is well-above the limit F = 0.5 for any
biseparable four-qubit state. This demonstrates the pres-
ence of four particle entanglement in the produced state.
In order to perform Deutsch’s algorithm on the entan-
gled cluster resource given in Eq. (1), we have used a
set measurement pattern for each black box case. Fig. 2
(b) shows the input and output logical states of the al-
gorithm corresponding to the physical cluster qubits. In
all cases, the state of qubit 1 is taken to be the input and
output logical qubit state corresponding to |x〉 = |+〉.
3After qubits 2 and 4 have been measured, qubit 1 is then
measured in an appropriate basis to provide the neces-
sary information about the black box’s function f(x).
Qubit 4 represents a logical qubit state |+〉, which is
rotated to the state |−〉 by measuring qubit 4 in the
B4(π) basis, to become the input qubit |y〉 of the al-
gorithm. Qubit 3 is then taken to be the output qubit
|y ⊕ f(x)〉. For all black boxes, qubit 2 plays the piv-
otal role in a two-qubit quantum gate applied between
the logical input qubits |x〉 and |y〉 residing on cluster
qubits 1 and 3. By measuring it in the computational
FIG. 2: (a): Setup for the experimental implementation
of Deutsch’s algorithm. An ultraviolet pump-laser performs
two passages through a nonlinear Beta-Barium-Borate crys-






(Comp) are half-wave plates (HWP) and BBO crystals used
in order to counteract walk-off effects at the BBO. By consid-
ering the possibility of obtaining a double-pair emission into
the same pair of modes and the action of the polarizing-beam
splitters (PBS’s), the four terms entering Eq. (1) are obtained
and their amplitudes and respective signs adjusted [7] with
an additional HWP in mode a. The algorithm is executed by
using quarter-wave plates (QWPs), HWP’s, PBS’s and pho-
tocounter pairs {Dj ,Dj′} for the performance of polarization
measurements in arbitrary bases of the photons in mode j.
(b): Sketch of the cluster-state configuration used for the al-
gorithm. Qubit 1 embodies the logical input and output for
|x〉, with qubit 4 as the logical input for |y〉. Qubit 3 embodies




BB(i) {B1(0), {|0〉2 , |1〉2}, {|0〉3 , |1〉3}, B4(pi)}
BBc(i) {{|0〉1 , |1〉1}, {|0〉2 , |1〉2}, {|0〉3 , |1〉3}, {|1〉4 , |0〉4}}
BB(iii) {B1(pi/2), B2(pi/2), {|0〉3 , |1〉3}, B4(pi)}
BBc(iii) {B1(3pi/2), B2(pi/2), {|0〉3 , |1〉3}, {|1〉4 , |0〉4}}
TABLE I: Measurement basis for implementing the black
boxes in the experiment. The feed-forward operations are
(σs2x )1(σ
s4




x )3 for BBc(iii).
basis, we disentangle it from the cluster, thus break-
ing any entanglement between |x〉 and |y〉. In this case,
the two-qubit quantum gate applied is simply the iden-
tity (1 ⊗ 1 ). This operation is necessary for BB(i) and
BB(ii). However, by measuring qubit 2 in the B2(π/2)
basis, we effectively apply the two-qubit quantum gate
(Rz(π/2)⊗Rz(π/2))CPHASE on logical input qubits |x〉
and |y〉 (see Tame et al. in [6]), where CPHASE shifts the
relative phase of the state |1〉 |1〉 by π. This operation is
necessary for BB(iii) and BB(iv) and together with H
applied to the input state |y〉 from the measurement of
qubit 4, it is equivalent to a CNOT gate by subsequently
applying the operation Rz(−π/2)⊗H Rz(−π/2). This is
achieved by modifying the measurement basis of qubits
1 and 3 when the feed-forward is carried out. In Table I
we provide the measurement basis set and feed-forward
operations used to carry out the black boxes on |Φc〉 and
the locally equivalent cluster state. As BB(ii) and BB(iv)
are obtained from BB(i) and BB(iii) by using alternative
feed-forward operations, in what follows we concentrate
on BB(i) and BB(iii).
The results of our experimental investigation are shown
in Figs. 3 and 4, where the density matrix describing the
state of the output qubits 1 and 3 has been reconstructed
through a maximum likelihood technique [12]. Fig. 3
(Fig. 4) shows the case of BB(i) (BB(iii)) being realized.
Both the no-feed-forward (no-FF) and feed-forward (FF)
situations are shown. In the latter case, the state of the
output qubits is corrected from the randomness of the
measurements performed on the physical qubits 2 and
4. From the analysis performed in the previous Section,
we know that the expected outcome when a constant
(balanced) function is applied is |+,−〉13 (|−,−〉13). Ev-
idently, the reconstructed density matrices, both in the
FF and no-FF case, are in very good agreement with
the theoretical expectation. The real part is dominated
by the correct matrix element, while neither significant
imaginary parts nor quantum correlations between the
different states are found. Quantitatively, the fidelity
with the desired state in the case of a constant (balanced)
function is found to be as large as 0.90±0.01 (0.78±0.01)
for the FF case and 0.82±0.01 (0.63±0.01) for the no-FF
one. Moreover, no entanglement is found in any of the
output states, as witnessed by the negativity of partial
4FIG. 3: The output density matrices for cluster qubits 1 and
3 when BB(i) is implemented. Panels (a) and (b) ((c) and
(d)) show the real (imaginary) parts of the two-qubit density
matrix elements as obtained from a maximum likelihood re-
construction. Panels (a) and (c) refer to the no-FF case while
panels (b) and (d) show the FF case due to the randomness
of measurement outcomes for qubits 2 and 4.
transposition criterion, which is necessary and sufficient
for any two-qubit state [13]. The small admixture of the
undesired |+,−〉13 to the expected |−,−〉13 state when
a balanced function is applied (Fig. 4, panel (a)) is due
to the relatively low fidelity of the experimental cluster
state with Eq. (1). This effect is more pronounced for
BB(iii) than for BB(i), where the measurement of qubit
2 is designed in such a way so as to break the channel be-
tween qubits 1 and 3, and results in a protocol-dependent
noise-inheritance effect for imperfect cluster states (see
Tame et al. in [6]).
Remarks.- We have designed and demonstrated the
first experimental realization of Deutsch’s algorithm in
a cluster-state setup using only four qubits. Our experi-
ment is one of the few quantum algorithms entirely im-
plemented within the framework of the one-way compu-
tational model [7, 9]. The agreement between the exper-
imental data and the theoretical predictions is excellent
and only limited by the overall quality of the entangled
resource used in the experiment.
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FIG. 4: The output density matrices for cluster qubits 1 and
3 when BB(iii) is implemented. Panels (a) and (b) ((c) and
(d)) show the real (imaginary) parts of the two-qubit density
matrix elements as obtained from a maximum likelihood re-
construction. Panels (a) and (c) refer to the no-FF case while
panels (b) and (d) show the FF case due to the randomness
of measurment outcomes for qubits 2 and 4.
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